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aBSTRACT

Ten male subjects rerformed a complex task during vertical
vibration in & preliminury study to compare performance with
sinuscidal, constant period random amplitude, ard random (air-
craft turbulence) vibration. Performance on the three subtasks
vuried: performance on a tracking task with delayed control-
display feedback was differently affectcd according to type of
vibration; no affect was found for a tracking task without feed-
back delay; and response time did not change.

Results were analyzed for consistent trends in vibration
effects which could be correlated with mechunical and psycho-
logical definitions of vibration for evidence of a human perform-
ance transfer functicn for vibration. Psychological and amplitude
bases for this function cculd not be found, vibration accelera-
tion (g) effects were not clear, and RS anplitude power was
correlated with constancies in performance. It was suggested
that testing combinaticns of RS and frequency (and related
factors) could lead to a performance tranefer function permit-
ting transformation of human performance data from sinusoideal
to operational vibrating anvironments.

Document Number D3-3512-2 reports the second experiment of a
series designed to study vibration effects on human performance.
Other experiments will be reported sequentially in the document
series D3-3512-1 through D3-3512-7. All results will be inte-
grated and summarized in D3-3512-0.

Test Design & Conduct ‘M
D

. Farks

Report

Supervised

Approved ’[%
J. E. BSaupeurt

Unit Chief

Approved
ection Chief




DOEFIN B DYASHITA

D3-3512-2
Page 1ii
TABLE OF CONTENTS
Page

PAtY'e. BRZEL e ctais lle sl olferel SRelaileYanaits o1 aeh oo TaVaFey eiie Se TS allabia ! (shorsuarle van/al ol Ma tall Pl vit ST
A S T G sl e oo e e Rl ok s e EeRede ek e R ek e Helle s oRe o N Mok ey oT eReeeR e ebe Lo te el e teRe Lol b e h R eT oL ckier e R eIl fiecRe i1
Table of Contentsii: e et ssisisis o e lele e R HEeTe Syo ke ter o sl et Sheke oL e o 1L
List of Figures.....ccc00. ceececrerecne ol SKoR ST e Mo RSTA o] SR ANoT S i en KXo ceeene iv
ReferencesS....cooveee.. S e P DI O SRy Seaysens s v
IRCECACETON: (o/s loke ionisionsnonsihename stis) shsHelerio s iohe (e}5 o) sHioretiatte) s oraris| (¥ soris fois o deis) ey eWogoy HesieE o 1l
SRR Yiors1s 5115 stererans v srate 581 510Ke [0 ol se e fol o e e 0](e) eHeE oris ol Shee Sl oh e loNeratiel ek apvRe osEyense 3
CONCIRELONE . iersisrs orsrersrerinlsions @os A g I e SNk (6 P eTSR G Ters k
Methodology...eevv. Shens) X)) e¥e [eFek e (o) olTeNs A TelloNeHe o¥ers-1eris ARSHeTS Ko AT e o1 K (o SllsAeHoRsssrere 5

CERBTR) o it smrsilaiole 5 o susive foetivns il or'e SHa ) el S e S Y S T S e e BT Sl A He e 8 S

SubJectB...cecvveenn T T o1 K HoTfe)ion oo o Tors Koji e iel orTesie saslgilirie Heisdeliorie T

ApparatuB.....cceeceecccccce STe RN eRe e SRSTieh Sl ke e shaRe heteloret eRa e bR Rska oroneie T

Test Procedures......... Ve lekevelioy sheta eree) Sy alte 8 VTS HoTA s RN Gy v s Siieyekegeere) s 12
BeSOT 8L, orons iz oxe0ots (c:5 56065 (<106 »5E (oMo SRS e T s 1T /o1 SBe Aw ool (e b e atie oo TN PN £

DATAL I i L sLefeits ishopedts forefeVege SReReele R B oo e e RN St o ehe) kot SSTERCHC| ShensH=derts .15

S EC RO DOTE Bisicns0iicsrelisis toksiisie/siislis dons o) e isn (o isxel aHaHENENS sHono (o) sk TaLs) toRs ella erEha 23
Discussion....cceveeeeene o0 OBA.00 B ODes B ot OY.0 0.0/0010 BOG.CE 00 e ST .24
Appendices

A - Instructions to SubjJects...viivriiiiiiirrrressoocononeonnes 27

B = Tnalvalaansl) Daav. ot asieie o eusieis saronsis oo or sHasior o orspeese slems giusbe e snara 2Tens 29

Acknowledgement......coveeeeneennnns el e e e e e R oo oY s et s Ao PR vio oo 3




DOFINB BIEHIVA

D3 -3512-2
Page {iv
LIST OF FIGURES
Page
a1 Power Spectral Density Curves Showing a Comparison Between
Aircraft PSD and Approximations Used for Test Conditions. . . . 6
24 Panel Display - Control Column Arrangement. . . . . . « . . . . 11
3. Summary of Relative Change in Performance . . . . . . . . . . . 17
ly Performance Comparisons for Vibration Conditions with Approxi-
mately Equal Mean Amplitude . . . . . . . . . . . .+« . . . . . 18
5. Performance Comparison for Sinusoidal Vibration Conditions
Judged Approximately Equal. . . . . . . . . . . . . . . . . . . 19
6. Comparison of Task Performance for 7ibration Conditions
with Approximately Equal RMS Amplitude Power. . . . . . . . . . 20

il A Comparison of Task Performance with Different PSD
ADProXIMALIONE: 1 o o o & o @ @ e e @ e et @ s w6l e e g e e 20

LIST OF TABLES

Page
I. Definition of Vibration Conditions Used and Basis for
COmPATESONL. 5 s o st 61 B o as 5 6 % e i 6 B Wl e B s e e DY
IT. Latin Square Presentation of Test Conditions. . . . . . . . . . 9
III. Sequence of Experimental Conditions . . . . . . . . . . . ji. . 13

IV. Results of Statistical Analysis . . . . . . ¢+ ¢« ¢« v ¢« ¢« & « . 22




DOFOND BIEWTTH

D3.3512-2
Page v
REFERENCES

Boeing Document D3-3512-1, "Human Reaction to Low Frequency Vibration,
D. L. Parks, 2 December 1960

Boeing Document D3-3301, "Boeing Human Vibration Facility," 23 Ceptember

1960

Boeing Document D3-1189, "Preliminary Study of Aircrew Tolerance to
Low Frequency Vertical Vibration," R. B. Gorrill and F. W. Snyder,

3 July 1957.

Design aud Anaiysis or rxperiments in Psychology and Education, 1956,
The Riverside Press, Mass.

Experimental Design in Psychological Research, 1953, Allen L. Edwards,
Rinehart & Co., Inc., New York.




DOEING AELITA

D3 -3512-2
Page 1

INTRUDUCTION

s

Sinusoidal vibration has been known to affect human performance and
resulting man-machine capability for some time (reference 6). Analysis of
the problex suggests that at least two design conziderations could be used
effectively to optimize human performance: (1) proper display-control
selection, and (b) air frame design to control effects of vibration on
human capability. However, the quantity of data available for these deci-
sions is limited. That data which is avaiiable must be applied with
reservation since.- it was derived under conditions of sinusoidal vibration.
No way to adequately relate such data to operetional conditions in the
form of conversion factors has been determined, although it is strongly
suspected that a common relationship between the two does exist.

Since proper conversion factors relating human information for sinus-
oidal and random vibration environments are not known, the current state
of the art offers two approaches to design decisions pertinent to expected
human performance during vibraticn. One approech is to apply data derived
during sinusoidal vibration, not knowing how interactions of frequency and
amplitude may affect performance. The other is to similate the vibration
expected for each new equipment design and derive appropriate performance
measures. Actually, neither of these approaches is considered an adequate
solution to design problems. The reservations that must be attached to
the first can seriously aifect optimum design of a man-machine system. The
second approach is economically undesirable since performance tests with
a new vibraticn cnvironment for each new vehicle would be required. A con-
version factor would permit the transforming of human performance data from
one vibration environment to another. This would lead to more efficient
data collection with sinusoidal vibration and direct application of the
results to any defined random vibration environment.

This study was designed to explore another possibilitiy,using both
sinusoidal and random vibration,to seek relationships that could eventu-
ally result in definition of a conversion factor for human performance
from sinusoidal to random vibration. Several ccnditions were defined for
which vibration could be equated on selected bases, and an interim vibration
(constant period rendem amplitude vibration) was added between the sinus-
oidal and operational vibration environments, from the hypothesis that it
could help clarify parallel trends. If trends toward consistent performance
could be found for any of these vibration conditions, a study program
oriented toward identifying performence conversion factors (or a transfer
function) could be more clearly defined. The preliminary data reported
here would also promote & clearer understanding of the reservations that
must be attached to use of available data.
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Tre bases for equating or comparing vibration in this study included:

1. Representative sublective Judgment of vibraticn severity (refer-
ence a).

2. Equal mean amplitude.

3. Equal root mean square (RMS) amplitude power (equal to selected
portions of the power spectral density (PSD) curves describing
aircraft vibration).

L. Differing amplitudes for the same vibration wave form.

Full recognition was given the fact that the complex experimental
design used, combined with tle relatively small mmount of data collection
possible, could lead to difficulties in adequate statistical analysis.
However, 1t was anticipated that sufficient data would be collected to
deteraire “rends 1n performance changes and to adequately analyze the
variables ror a more sophisticated study.
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SUMMARY

A preliminary experiment was conducted in the Boeing tuman vibration

facility ‘o examine the correlation, if any, between certain physical descrip-
tions of vertical vibration and comparability of human performance data.
It was loglcal to suspect the existence of some factor which would permit
extrapolations of expected performance from one vibration environment to
another. This experiment serves as a preliminary step in determining the
possibility of a transfer function for such applications.

A power spectral density (PSD) description of vibration was used to
similate vertical aircraft turbulence in the vibration facility. Those
frequencies found to have the most relative power in the PSD function were
selected as most apt to affect performance on the basis of having the
greatest amount of recurring acceleration, and most apt to permit compari-
sons of performance from sinusoidal to PSD vibration. The frequencies
selected, 0.75 cps and 2.5 cps, defined the number of repetitions per second
(or the period)} for sinusoidal and random amplitude vibration conditions to
be used in this test.

The three vibration conditions selected permitted study of performance
with vibration equated according to (a) equal root mean square (RMS) ampli-
tude power; (b) subjective equality; or (c) equal mean amplitude. Of the
comparisons provided with this selection only RMS could be described as a
physical parameter with comparable effects on human performance for dif-
ferent vibration conditions, although other correlations could exist. Other
comparisons resulted in significantly different performance capability
between conditions which eliminated the particuler condition as a potential
basis for a transfer function. There is evidence to suggest that a mathe-
matical function providing for an interaction o7 RMS amplitude power and
frequency would significantly increase understanding of correlative factors
and permit transferring data from one vibration environment to another.

A complex task consisting of three subtasks was performed by ten sub-
Jects during vibration for each experimental condition (PSD, 0.75, ard 2.5
cps vibration). Only one subtask, which required the subjects to antici-
pate display position of control-display feedback delay, was differentially
affected. A tracking task without feedback delays and with color coding was
not differently affected by different vibration conditions, nor was the
third task which measured response time. Hence there are questions to be
answered about quantity and degree for a transfer function. Precision of
the measures used may be an added significant variable in studying effects
of vibration on the wide range of human perceptual-motor skills.
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The large number of vibration frequencies and accelerations randomly
present in an operetional humen environment puzzles systems designers trying
tc extrapolate and apply human capability data from the single frequency
sinuscidal vibration used in latoratory studies. Engineers have discovered
a way to perform this function for equipment but data leading to similar
application of data for operators is nonexistent. The need for information
of this nature led to this study to determine feasibility of similar trans-
fer functions for human performance. A demonstration of feasibility could
then open up a new area in the field of human vibration research and facili-
tate the best application of data by design engineers.

CONCLUSIONS

1. There is evidence that transfer functions will permit extrapola-
tion of performance data from sinusoidal to random vibrating environments.
From vibration conditions used in this study, equal RMS amplitude power
equivalence is one possible physical description of vibration leading to a
conversion factor for human performance capability. A mathematical combina-
tion of RMS and frequency is the most promising possibility from the tested
conditions for comparisons of human performance.

2. Vertical vibration amplitude varied considerably at certain fre-
quencies with relatively small effects on performance in terms of a transfer
function.

3. More extensive testing of these and other task and vibration rela-
tionships is necessary to clearly define the correct rhysical basis for trans-
forming data from one vibration environment to another. A wider frequency
and amplitude range than used for this study is necessary with simple but
precise performance measures known to have minimum variation between sublects
since performance measures mist be made with vibration as the only independent
variable.

' Transfer relationships may be found to differ for various perceptual-
motor capabilities.

RECOMMENDATIONS

A program is required to define performance conversion factors for confi-
dent and accurate application of human vibration data to operational vibration
environments. The research described here demonstrates the feasibility of
the concept and the need for furtker study to accurately define a performance
tranefer function for vibration.

The feasibility of obtaining additional transfer furctions for converting
basic data from the ideal, nonvibrating environment to operational conditions
also requires investigation.
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METHODOLOGY

Definition: Power spectral density (PSD) as used nere is a means of pre-
senting the average (mean square) acceleration or amplitude for each vibra-
tion frequency occurring in a random vibration environment.

General

Thre vibration used for this test consisted of a random time history of
vertical acceleration having certain statistical properties that are typical
of the vertical accelerations experienced during 1ow level flight. The
properties of this vibration are described by the "power spectral density”
(PSD) function of the vertical acceleration. A PSD was selected based on
analysis and experience gained during extensive design and flight test expe-
rience. The selected power spectrum of acceleration was then converted to
the equivalent power spectrum of vertical displacement in order to accormo-
date the type cf hydraulic controls available on the vibration facility.

A random time history of displacement having the desired spectral prop-
erties was then obtained by using an analogue computer to properly filter
the output of a "vhite noise" generator. This time history was recorded on
magnetic tape to ensure equal vibration stimli for the different subjects
and the tape was used to operate the servo-valve control in the hydraulic-
actuating mechanism. Thus the conclusions would not be confounded by differ-
ent intensities experienced by different subjects for a given performance
measure.

Figure 1 presents the selected acceleration power spectrum in comparison
to the spectrum obtained from the white noise generator in terms of "g"
(acceleration). The curves presented describe the PSD for this and for refer-
ence (a) tests. There was some evidence that the hydraulic-actuating system
had a tendency to filter out some of the high frequency content of this spec-
trum although the resulting "pleyback" fidelity was 95 per cent or better.

Another input, a constant period random amplitude vibration, was derived
through similar use of the computer for 0.75, then 2. 5, cycles per second,
corresponding to those frequencies with the strongest "power" in the PSD
description.

Amplitude power of the taped series could be regulated by a simple
gain adjustment. The third type of vibration (a sinusoidal wave form) was
produced by a signal generator, which was set at 0.75, then 2.5 cycles, for
individual tests. The vibration amplitude could be regulated by varying
strength of the input signal.

Some of the vibration for this study was limited for the most precise
comparisons by the present 1limit of ten inches vertical travel for the vibra-
tion platform so that the camparisons are really based on approximations to
equivalent vertical vibration. Since this effected the 0.75 cycle portion
of the curve only, and the net differences in displacement and accelerations
were small, it could be assumed that any differences in effect would be

negligible.
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Figure 1. Power Spectral Density Curves Showing a Comparison Between the
Aircraft PSD and the Approximations Used for Test Conditions




ZESTRET I HI78

D3 -3512-2
Page T

Table I defines the vibration variables and indicates those compari-
sons which could be readily made. RMS values recorded in the table are
equivalert to the RMS from the PSD description. The test conditions
defined in Table 1 were selected purposely to obtain the desired ccmpari-
sons for trend analysis. In reviewing possible ways of obtaining the
desired information, a Letin Square statistical model appeared to be most
efficient for data collecticn and analysis since a wide variety of infor-
mation was desired in a short time and eome logical method of mixing the
different experimental conditions to counterbalance varying effects was
desirable. The letin Square selected had the normal restriction (refer-
ence e), i.e., a condition did not occur twice at the zame position in a
sequential order. An added restriction for this test was that no sequence
of two experimental conditions was repeated in the matrix, thus averting
the possibility of a repetitive sequence influencing the results.

The Latin Sguere indicating the order of presentation per subject is
presented in Table II. Since the sessions were too long for a full series
on one day, dats were collected during two sessions spaced one week apart.
Data for the second PSD approximation (figure 1) was collected after all
the Ietin Square conditions were completed.

Subjects (gg)

S8 were ten Boeing-Wichita employees who had volunteered for human
vibration studies, had completed the first experiment (reference a) of a
series of studies, and who had prior nonvibration experience on the task.
The same conditions as in reference a apply here, e.g., Ss passed a compre-
hensive physical examination to qualify for testing; a brief examination
was completed before and after each test; and two wire mesh contacts for
an electrocardiograph (ECG) system were placed on the pectoral (chest)
miscies and held in place during tests by wrapping the chest with an elas-
tic bandage. A third ECG contact was placed behind the ear and held in
Place with collodian. All Ss wore flight coveralls and street shoes for
the test.

Apparatus

The Boeing-Wichita human vibration facility (reference b) was used
to provide the vibration environment for this test. A standard aircraft
seat mounted to the platform was reinforced to ensure the most complete
transmission of vivbration to the subject.. Reinforced plywood inserts
covered with 3/4 inch hard felt were used in place of normal aircraft
cushioning for three reasons in addition to ensuring complete transmission
cf vibration. One reason was to obtain baseline data under conditions
that can be readily repeated for future comparative studies (such as a
continuation of those described here or investigating a new seat design
or cushion) with a more limited sample. Another was to permit direct
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TABIE I

DEFINITION OF VIBRATION CONDITICNS USED
AND BASIS FOR COMPARTSON

(Each column of checks indicates that performance can be compared on the basis
indicated by the colurm heading. For example, conditions 2, 3 and 8 can be com-
pared fo;' approxirately equal RMS at 0.75 cps, as can conditions 2, 6 and 9 for
2.5 cps.

Experimentel RMS Mean Displacement Subjectively
Vibration Condition Equivalent Approximately Equal Similar or Equal
) 0.75 {2.5 0.75 2.5
cps |cps cps .| cps

1. 4 Amplitude PSD
2. Full Amplitude PSD X X
3. 0.75 cps, 4.26" Mean,

Double Amplitude Random| X
4. 0.75 cps, 1.7 RMS,

Amplitude Random X
5. 2.5 cps, 2.16" Mean, |

Double Amplitude Randam X
6. 2.5 cps, .09 RMS,
7
8

Amplitude Random X
. 0.75 cps, 1.57" Double
Amplitude Simusoidal
‘8. 0.75 cps, U4.52" Double
Axrplitude Sinuscidal !
(1.6 RMS) X . X X
9. 2.5 cps, .26" Double :
Amplitude Simusoidal :
(.09 RMs) X
10. 2.5 cps, 1.08" Double :
Amplitude ! X ) ¢

As indicated in the right bhand colurmm, all conditions ere defined by double
amplitude or FMS amplitude. Conditions 1 and 2 indicate PSD, 3-6 constant
period random amplitude/corditions, and 7-10 simusoidal conditions. Selection
of these conditio.: was based on desired comparisons, indicated in remaining
columns.

Fuli amplitude PSD refers to vibration as described by PSD 1 (Figure 1.).
One-half amplitude PCD is the same condition with all amplitudes smaller by
one-half. Conditions 3-6 are cyclic in nature, hence the term cps, but
feature random amplitudes with means as identified. Since RMS also defines
means, the assoclated mean amplitude is not indicated unless it is required
for another type of comparison.
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TABLE II
LATIN SQUARE PRESENTATION
OF TEST CONDITIONS
DAYS
1 2
ORDER 1 2 3 4 56 T 8 9 10
SUBJECT 1 1 2 3 L 5 6 7T 8 9 10
2 2 ¥ 1 6 38 5 10 T 9
3 3 1 5 2 T7F4 9 6 10 8
4 Yy 6 2 8 1100 3 9 5 7
5 5 3 T 1 92 10 4 8 6
6 6 8 4 10 2 9 8 T 3 5
T T 5 9 3 10 1 8 2 6 L
8 8 10 6 9 Y T 2 5 3 3
9 9 T 10 5 8f3 6 1 ¥ 2
10 10 9 8 71 6l 5 U 3 2 p:

The Latin Square, indicating the order of experimental vibration
conditions under which S was required to perform. Tke entries
within the matrix identify conditions which are defined below.

1 Amplitude PSD

Full Power PSD

0.75 Period Random Arplitude, 4.26 Inches DA Maximum
0.75 Period Random Arplitude, 1.7 RMS

2.5 Period Random Amplitude, 2.16 Inches Maximum
2.5 Period Random Amplitude, .09 RMS

0.75 cps 1.57 Inch DA

0.75 cps 1.6 RMS 4,52 Inches DA

2.5 cps .09 RMS .26 Inch DA

2.5 eps 1.08 Inch DA

OV O O £ -

=
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between-subject comparisons of performance data throughout this program on
the basis of specific vibration intensities at the ceat. The third was to
avoid introduction of data confounding by & sect with a complex vibration
absorption pattern (reference c, page 17) responding differently to dif-
ferent Ss' weight.

Also on the platform were a large sircraft control columm, wheel,and a
special test display panel (figure 2). The display panel, mounted 1n front -
of the subject and control colurm on the platform, was sloped at an angle
of 10 degrees from the perpendiculer with the lower edge nearest S. The
panel was approximately 28 inches in froat of the subject with the central
display located 10 degreec below the horizontal line of sight for an average
individual (some variation in this relationship was introduced by different
subject heights). The control column was modified by the addition of a
cutoff switch on the left hand grasp and a thumb button on the right hand
grasp. Releasing the cutoff switch would stop vibration immediately, while
pressing the right thumb button would turn off signal lights on the panel
display. Rotary movement of the control wheel required forces of O to 10
pounds for + 65 degrees of movement. For control column fore and aft move-
ment, the forces were O to 64 pounds for maximim forward displacement of
T+ inches, and O to 84 pounds aft for 9% inches maximum displacement. The
force increase was essentially linear up to the maximum column displacement
with the increase in required force determined by a spring constant.

The display panel included three testing components (figure 2). The
central display was an amber cathode ray tube (CRT) upon which a moving
display (0.06 inch wide), somewhat similar to horizon situation or a t

of terrain avoidance display, was shown. A horizontal (0.02 inch \d.dey)e
scribed line could be taken as reprecenting an aircraft and the parallel
cathode ray tube (CRT) displayed moving line as portraying a "horizon."
Fore and aft control column movement would align the CRT moving line (here-
after called the vertical or vertically moving line) with the scribed line.
A two-second time constant for delayed display-control feedback similar to
thet found in an aircraft was included, that is, the vertically moving line
would not respond immediately to control action. Also similar to aircraft
control systems was the rclation between control column and display movement,
i.e., forward column movement was necessary to bring the aving line up to
the scribed l1line and vice versa.

Above the CRT 1isplay was a horizontal slot through which a visible
(vertical) light beaxm was secen as moving left or right as the vheel was
turned clockwise or counterclockwise, respectively (an analogous reletion-.
ship would be driving to a point on the horizon). Ss were to try to keep
tre moving beam aligned with a scribed line in the middle of the display.

As a control aid this display was color coded so that the light beam was red
when gross errors occurred end green when errors were minor, with correct
performance indicated when the beam was aligned with an etched line. The
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green line was 0.2 inch wide compared to a 0.06 inch width for the light
beam and a 0.03 inch wide, etched, vertical center lire. Movement of the
ccntrcl wheel resulted directly in a damped movement of the light bean.

A signal generator was used to generate a sinusoidal display movement
for the two moving displays. Although incorrect control movement could
extend display movement, normal (programmed) veariation was + 1/2 inch at
4 cycles per minute (cpm) for the vertically moving display and + 2 inches
at 5 cpm for the horizontally moving display (figure 2). Maximum possible
error count was 5472 for the former ard 803 for the latter display. The
different cpm for the two displays averted the possibility of synchronized
control movement leading to correct performance on the two displays.

The two tracking tasks selected would permit some comparisons to
determine whether performance problems could be varied or eliminated by
design considerations. An additional measure, response time, could be
obtained by the following organization: Four jJeweled red lights, one-half
inchk in diameter and located in the corners of the display, were activated
in a predetermined random order. Each light was activated twice during
a test for eight reaction time measures per test. S was instructed to
turn each light off as it came on by pressing the right thumb button on
the control wheel.

Al]l responses to the displays were measured and recorded automati-
cally. Tracking error was recorded as an integration (over time) of the
difference between the desired position of the moving light beam and the
actual position as controlled by S. Respcnse to the lights was recorded
simply as the interval of time each light was on.

The vibration used for this test was obtained by playback of specific
four-minute samples of the taped records described earlier (page 8) and
by sinusoidal vibration at 0.75 and 2.5 cps, defined by a signal generator.
It wvas expected that the repetition of the four-minute sample would result
in sufficiently valid data for this preliminary study and avold extended
test periods which were considered undesiiuble because of possible data
confounding by fatigue. The repetitive four-minute sample also permitted
a direct comparison between subjects under the same vibration condition.

Test Procedure

Instruct.r..n (Appendix A) were read, a medical examlnation was given,
and ECG system contacts were atlached prior to the test. Ss proceeded to
the vibration table where they were fastened to the seat with an aircraft
lap belt and the ECG recording system was connected. Ss were familiar
with the general prucedure and had considerable prior practice on the task.
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The sequence of test conditions was as follows. A ten-second onset
rate was used to bring £ to the level of vibration for four-minute vibra-
tion tests with the same total time period used for nonvibration tests.

A similar ten-second decrease was used at the end of each vibration period.
The ten-second onset and other table adjustment times were absorbed in
the rest period.

TABLE ITI
SEQUENCE OF EXPERIMENTAL CONDITIONS
Test Conditions Minutes Test Conditions Minutes

1. Warm-up period L 13. Vibration test L
2. Rest period 2 14, Rest period 2
3. DNonvibration test 4 15. Nonvibration test L
4., Rest period 2 16. Rest period 2
5. Vibration test L 17. Vibration test L
£. PRest period 2 18. Rest period '2
7. TUonvibration test 4 19. Nonvibration test 4
3. Rest period . 2 20. Rest period 2
9. Vibration test It 21. Vibration test 1t
10. Rest period 10% 22. Rest period 2
11. Nonvibration test 4 23. DNonvibration test 4
12. Rest period 2 24. End of session

*To avold excesslve fatigue build up.
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Ss were instructed to stretch and relax as completely as possible between
tests. During the ten-minute rest period they were permitted to get out
of the chajr fior seven minutes. They performed continuously with all
displays during each test condition for a total of eleven test conditions
per session (five with vibration, six withcut vibration). § were informed
that any deviations of the displayed movirg lines from the scribed lines
would be counted as tracking errors. They were also told that the lights
were to be turned off as soon as detected, with the time that the light
was on being the performance measure.

After the test the post-vibration physical examination and an inter-
view were completed. A summary of interview data is included on page 2k,
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RESULTS

Effects of vibration on performance for this test are indicated in the
curves of figures 3 to 7. The data is plotted as a percentage figure with
C representing no change in performance with vibration as compared to non-
vibration testing, lsrger numbers indicating greater error and vice versa.
The error percentage figure is based on the equation Vo = V3 + V3 where Vl
is the nonvibration performance score obtained ‘“‘2‘—3
immediately before vibration; Vé is the score obtained during the specified
vibration; and V3 is the nonvibration score obtained immediately after vibra-
tion. This formuls, used for derivation of an error term, was employed for
e specific reason. Measures from either or both nonvibration test conditions
could have been considered representative of a proficiency level for any
rarticular subject. However, the average of both appeared to be the best
estimate since performance fluctuetions were anticipated from such factors
as test-to-test variability, learning and fatigue. Raw data converted to
this figure is included in Appendix B.

Inspection of the curves will indicate possible trends which one
might consider sufficient for valid concluesions. However, the differences
between Ss could suggest many different and often opposed or misleading
conclusions. The logic of statistical reasoning has been employed to
provide guidance in determining which variations are possibly caused by
chance and subject variability and which variations are most likely due
to some difference between test conditlons. The results of this analysis
are shown in Teble III. For this study the five per cent (.05) level of
significence was considered a sufficient test level for statistical determi-
nation of factors attributable to chance. That is, when the probability
was that a difference or change may occur by chance five times or less in
a hundred, it was accepted that the change was due to the experimental con-
ditions. In the tables this level is represented by one asterisk, with
double and triple asterisks representing the .01 and .00l levels, respec-
tively.

Since the tests were intended to determine whether performance corre-
lations between types of vibration exist, only throse statistical compari-
sons are described here and comparisons with nonvibration performance is
omitted. In keeping with the analysis of variance procedure for the Latin
Square design, the first comparison determined whether a difference existed
which was due to (1) order (or sequence), (2) subjects, or (3) the experi-
mental variable (types of variation or vibration conditions). "Order" (1)
of test conditions was not significant, so one of the possible confounding
factors was greatly reduced and varishbility between (25 subjects and (3)
conditions could be attributed to these two variables (2 and 3) and their
interactions within this framework. It will be noted that a performance
difference between experimental vibration conditions was found for the
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vertically moving tracking task only (Table III) with no changes indi-
cated for the horivontally moving tracking task or in response time for
the signal light program.

Another statistic (Tukey's gap test, reference d) was used to
determine which experimental conditiors could te causing the differences
resulting in significant differences between vibration effects on perform-
ance. This test indicated that 2.5 cps, 1.08 inches double amplitude (DA),
and 0.75 cps, 1.57 inches double amplitude performance data were signifi-
cantly different with performance poorer for the first and better for the
latter when both were compared to performance on other experimental condi-
tions. A borderline cace toward better performance was suggested for
2.5 cps, 0.26 inches DA, although students' t tests indicated that no
particular Aifference existed at this point. This was taken as indicating
that no real difference occurred for the condition.
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TABIE 1V
RESULTS OF STATISTICAL ANALYSIS (ANALYSIS OF VARIANCE)
A, VERTICALLY MOVING DISPLAY
Degrees Sum of Mean of F Variance
Source of Variation of Freedom ©Squares Squares Ratio Significance]
Order or Test Sequence 9 1.667 .185 1.29 --
Subjects 9 6.472 .719 5.02 .001
Experimental Variable 9 6.243 .69% 4.84 .001
(or Vibration Condition)
T2 10,322 .143
Residual
99 24. 704
Total
B. HORIZONTALLY MOVING DISPLAY
Degrees Sum of Mean of F Variance
Source of Variation of Freedom ©Squares Squares Ratio Significance|
Order or Test Sequence 9 0.547 .061 1.82 --
Subjects 9 0.820 .091 2.73 .05
Experimental Variable 9 0.344 .038 1.1% ==
(or Vibration Condition)
Residual T2 2.408 .033
Total 99 4.119
C. RESPONSE TIME TEST
Degrees Sum of Mean of F Variance
Source ot Variation of Freedom ©Squares Squares Ratio Significance
Order or Test Sequence 9 0.0589 .0065 478 --
Subjectes 9 0.1303 .0145 1.007 --
Experimental Variable
. (or Vibration Condition) 9 0.1554 .0173 1.272 --
Residual T2 0.9871 .0136
Total 99 1.3227

-~
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Subject Reports

In general, S s indicated that they noticed little or no effect on
performance. The general consensus was that any effect which might exist
would be for 2.5 period random amplitude with a mean displacement of 1.08
inches. However, subjecte did not believe difference in performance oc-
curred. The 2.5 cps, 1.08 inches constant amplitude was generally agreed
to affect comfort most, being the least comfortetble of the conditions
although it was not felt to affect performance. The difference in subject
opinion for performance and judgment appears to be summarized by one S's
comment that "you tend to get out of phase with the random vibration,
meking it more difficult to maintain consistent performance."” Even in this
case, however, the subject did not feel that performance would be signifi-
cantly different. PSD was apparently considered fairly comfortable with
no one selecting it as most affecting comfort or performance.

S 8 felt that vibration "made the task easier" with one major effect
being & tendency to increase alertness to the task requirements. However,
one S commented that random vibration tended to distract him because
"phasing in" with the vibration was more difficult. He felt he could
adapt to the regularity of sinusoidal frequencies with a cmaller net ef-
fect on performance.
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DISCUSSION

Vibration of the human presents two major design problems, assuming
that vibration severity does not endanger the operatcr tecause of loss of
control, physiological and psychological stress, etc. Design engineers
need to know how vibration affects human performance and how it will be
affected in a specific, randomly vibrating system. Since all specific
vibration environments cannot be predicted for buman vibration testing,
knowledge of human performance correlations, or transfer functions, may
permit prediction of performance in the new system.

This exploratory study was desi to investigate performance with
the two types of vertical vibration (sinusoidal and random) for possible
performance correlations, and to determine feasibility of conversion fac-
tors for relating and predicting performance from one vibration condition
to the other. If likely relationships were indicated, further research
might indicate more exact conversion factors and available data could be
applied directly in design effcrts. Sinusoidal vibration could then be
used exclusively to further define effects of vibration on human perform-
ance for application to operationsl situations.

For the feasibility exploration to be conducted in this study several
descriptions of vibration were used, from systematically derived judgment
of intensity (reference a) to the structural dynamics concept of RMS power.
This method permitted comparisons of performance with sinusoidal versus
random vibraticn as desired and between sinuscidal conditions relative
to other hypotheses, such as Judgment of vibration being related to
performance.

Onliy one subtask of the three was found to be differently affected
by different vibration conditions. Performance on the vertically moving
tracking task with control-display feedback delay was significantly de-
graded by 2.5 cps,1.08 inches Qouble amplitude vibration. The horizon-
tally mcving tracking task without feedback delay and the response time
task were unchanged from one condition tc another--evidence of the impor-
tance of display-control selection in design. This suggests that a uni-
versal transfer function may not be required since some tasks may not be
affected by vibration.

The comparisons which were the design purpose of this experiment can
e made for the one task which vibration was known to affect from prelimi-
nary testing and which was affected differently by the vibration conditions
of this test. Performance difference from other test conditions for the
2.5 cps, 1.08 inches DA condition eliminates judgment as a potential basis
for performance comparisons, since this condition and 0.75 cps, 9.04 inches




I

ZDEFOIND DIUSVITA

D3-3512-2
Page 25

had been defined as "extremely annoying” from &n earlier experiment. For
the same reason, any relationship for random amplitude, PSD, and sinusoidal
vibration is rejected.

Of those comparisons made in this experiment (1llustrated in figures
3 to T), only RMS amplitude power could be indicated as & parameter leading
to comparable data since the equal RMS condition was nct involved in the
2.5 cycle condition for which performance was different. As indicated in
figure 6, sinusoidal and constant period random amplitude vibration, RMS
emplitude power equal to the RMS amplitude power for the PSD, could be
essociated with equivalent effects on performance.

In other words, performance with the PSD vibration condition did not
vary considerably from performance witn 0:75 cps and 2.5 cps conditions,
with amplitude vower equated to the PSD content for these frequencies.
The data indicates that an RMS for 2.5 cps (sinusoidal) which is equal
to the RS amplitude power for the 2.5 cycle portion of the PSD results
in comparable performance, with similar results for 0.75 cps. Also, no
particular difference in performance exists between 0.75 cps (1.7 RMS)
end 2.5 cps (0.09"RMS) amplitude power. This leads to.the suggestion
that the key to a transfer function is some combination of frequency and
a factor related to RMS. -

The latter comparison leads to a more general question which cannot
be answered without more extensive data. It is not clear why a relatively
small difference in error is found when the sinusoidal vibration perform-
ance is compared to performance with the PSD since the latter includes
the full additive component of both 0.75 and 2.5 cps measured simusoidal
conditions tested. Sowe Lype of algebraic additive relationship appears
likely, such as(a) (0.75 cps) +(b) (2.5 cps) performance = PSD performance.

lack of variation related to widely differing amplitudes with the
same frequencies suggests that relatively no differential change in per-
formance occurs as a function of frequency within the amplitude ranges
used in this study. This suggests a possible relation to acceleration
forces which very with frequency and amplitude, but no clear-cut distinc-
tion could be drawn. Tests are necessary wherein acceleration is constant
for distinct performance measures at different fremiencies (poseibly using
more precise performance measures subject to less individual variability)
before a clear answer can be derived. If one is to test acceleration as
a factor, the areas of body sensitivity must slso be considered. It is
suspected that estatlishing a strong relation will still be difficult to
accomplish since discomfort would undoubtedly result in data confounding.
A systematic relaticnship could confuse attempts to derive transfer functions.

In summary, there is evidence that a transfer function can be found
and that data derived with sinusoidal data may be extended to complex
patterns of random vibration. It appears that usable transfer functions
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can be attached to mechanical descriptions of vabration without a complete
understanding of all effects on human operators. Results of this experiment
show that the physical description which could serve this purpose may be a
conbination of frequency and some factor related to RMS.

More data and analysis is required to examine the tendency for a slight
increase in certain tracking errors related to specific vibration conditions.
In figure 3 (A, B & C) it can be seen that condition 5 (2.5 period random
amplitude, 2.16 inches DA) is associated with a tendency to greater error.
This appears to be influenced by individual deviation, but may be related
to a real effect of the condition on performance which cannot be detected
because of wide individual variability. In figure 3a, experimental condi-
tions 3, 5, 7 and 10 suggest the possibility of some similar unidentified
factor. Again, it may be simply a function of individual variability. The
rlot certainly suggests that further study with these conditions is warranted
using tasks less subject to individual variability as indicated earlier,
even though there was no statistical indication of differences associated
with these conditions in this experiment.

t must be recognized that other displays or vibration conditions may
cause the results to differ significantly from those obtained in this test.
Cne muct also bear in mind the possibility that more severe vibration
intensities or longer exposure time may change scme of the observations and
cormments herein vwhich are based on thie data. Although considerable differ-
ence in performance was found between subjJects the issue was considered
minor, relative to the purpose of this test, that is, "Is there a common
physical parameter of vibration by which different types of vibration can
be considered to have an equivalent effect on performance?” The pertinence
of the assumption is obvious with the wide range of operator variability
which any vehicle designer must consider (and the requirement to design
for a brcad range of unique individual capabilities). Also, it is desir-
able To reiterate the grcund rules for this experiment--that the emphasis
is on exploration to discover trends toward a transfer function rather than
necessarily precise and final answers.
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APPENDIX A

INSTRUCTIONS

Subject

Emphasis is on performance for this portion of the vibration study.
Your Jjob will be to operate the displays that you became familiar with
during the first experiment. You will be expected to keep the vertical
and horizontal moving lines aligned, or track them.

The lights in the corners of the display will come on at random inter-
vals. When this happens, you are to continue tracking but press the button
to turn the light off as soon as you see it. Release the button ss soon as
the light goes off, and do rnot press 1t until you see the next light.

It is essential that you perform at your best on all displays concur=-
rently. Rest pveriods are purposely scheduled into the sequence to permit
you to relax and prepare for the next test run for the day.

You are asked to avoid any discuseion of this test until after the full
experiment is completed for two reasons: (1) other studies have shown that
such discussion can ccompletely change the data; (2) the data to be collected
i_ rather sensitive to changes in viewpoint. We would like your attitude
toward the test to remain as nearly the same as possible throughout the
experiment.

Are there any questions?

Procedural Instructions:
A, The red light mounted on top of the panel dlsplay will go off when the
error count starts. This will be a signal for you to start performing.
(Items 1, 2 and 3 are for vibration only.) The sequence leading up to this
is as follows:

1. The seat will be raised to the center of the stroke.

2. Final equipment settinga will be completed.

3. A 10 second onset rate will be iritiated to uring you to the
right level of vibration for the test.
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4. The red light will go off, you are to start performing, and
the error count will start.

5. Errore will te counted for any deviation from the scribed
lines. Additionel cues on the display are to help you maintain

al!gnment.
6. The horizontal moving line has a fairly direct relation to

control movement. The vertical moving line has a two-second
delay between control movement and display response.

B. Each vibration period 1s scheduled tc last four minmutes.

C. Are there any questions?

D. Should you want to stop vibration at any time release the cutoff
switch.
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APFERDIX B

INDIVIDUAL DATA FOR THE TEST

Entries indicate relative error performance error = vibration
performance <- nonvibration performance error.
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VERTICALLY HORIZONTALLY
MOVING MOVING RESPONSE )
DISPLAY DISPLAY TIME ot
1.74 0.0 1.25
1.77 0.926 1.06
1.%35 1.11 1.055
1.247 | 0.919 1.06
1.704 1.13 1.18
1.h4 0.73 1.08
1.96 0.985 1.18
1.38 0.872 0.945
1.542 0.995 0.992
1.014 1.122 0.993

TABLE VI. FPERFORMANCE ON TASKS USED IN THIS TEST

WITH THE SECOND PSD APPROXIMATION
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